INTRODUCTION
Somatolactin (SL) belongs to the growth hormone (GH)/prolactin (PRL) family, but its biological activities are mostly unknown and remain debatable. Researchers have isolated SLs from many fish species and detected up/down-regulation of its expression during variable physiological processes (see references in FUKADA et al. 2005) . Experiments using recombinant proteins of SLs show certain biological activities in vitro/vivo (LU et al. 1995; CALDUCH-GINER et al. 1998; VEGA-RUBIN DE CELIS et al. 2003) . However, none has been supported by clear and direct evidence explaining mechanisms of actions or target cells/tissues/organs of SLs.
Medaka (Oryzias latipes), a small freshwater fish, is a powerful model organism in genetic and developmental studies. We have recently identified an SL mutant of medaka, color interfere (ci), providing genetic evidence for SL's function (FUKAMACHI et al. 2004 ).
This mutant exhibits a remarkably pale body color due to constitutively increased white pigment cells (leucophores) and reduced orange pigment cells (xanthophores) in the skin (Fig.   1 ). Transcription of the medaka SL in the brain (pituitary) is dramatically enhanced or suppressed when the fish is kept in a black or white tank, respectively (i.e., due to morphological background adaptation of the body color), which is similar to that experienced in red drum and Atlantic croaker (ZHU and THOMAS 1995) . These results strongly suggest a conserved and major role of SLs in chromatophore regulation.
More recently, however, an SL receptor (SLR) was identified in masu salmon, Oncorhynchus masou (FUKADA et al. 2005) . Its amino acid sequence is similar to the GH receptors (GHRs) of teleosts (38%-58% identity), but it binds to SL rather than GH. The mRNA was shown strongly expressed in the liver and fat, and these authors suggested SL's main function in lipid metabolism. SL's role in fat metabolism had actually been suggested earlier from studies of another salmonid species, the rainbow trout (O. mykiss), in which phenotypes of its cobalt variants were observed. The cobalt fish have a severe defect in SL expression and are obese, with lipid accumulation evident in the body cavity (KANEKO et al. 1993; YADA et al. 2002) . However, the pituitary of the cobalt is separated from the hypothalamus and lacks most of the pars intermedial (in which somatolactin-producing cells are distributed). Therefore, it is unclear whether the SL itself or other hormones released from the pars intermedia of the pituitary (or the both) is the cause of the lipid accumulation.
These results from two salmonid species are somewhat intriguing to us because the ci medaka does not exhibit any apparent obesity (see Fig. 1 ) nor does it require special care for breeding, unlike the cobalt. These inconsistent observations led us to consider that the ci medaka may have additional physiological anomalies, although they are not apparent in situ.
In this paper, we describe cloning of a medaka ortholog of the salmon SLR, its broad expression in organs, and extraordinary phenotypes of the ci fish other than in pigmentation.
During our series of experiments, we recognized that most of the genes reported as GH receptor (GHR) from other fish species are, at least phylogenetically, SLRs. We look at this more closely in the Discussion.
MATERIALS AND METHODS

Medaka
We used the HNI strain (northern inbred) as the wild type for SLR cloning and phenotypic comparison. Genomic sequences on the genome database are of Hd-rR (southern inbred) and we used this strain for gap filling of SLR locus (see Results). In terms of GHR locus, however, we used HNI strain because genomic PCR could not efficiently amplify the gap of Hd-rR allele, probably because of the poly C repeat within the gap (it should correspond to AACCCCCCACCCCCCCAG of the HNI allele). OLc08.02d clone is of Hd-rR. The ci are offspring of fish formerly transferred to our laboratory from Nagoya University (see KELSH et al. 2004) , which have northern alleles at least around the ci locus (S.F. unpublished data).
All fish were bred at 27° and 14 h light and 10 h dark conditions.
RT-PCR and 5´/3´-RACE
The total RNA of embryo, larva or adult organs was extracted using ISOGEN (Nippon Gene).
After its quantification by electrophoresis and spectrometer, the first-strand cDNAs were synthesized using ReverTra Ace (Toyobo) with 5´/3´ adaptors, and used as PCR templates.
All PCRs were carried out using LA Taq polymerase (Takara) following parameters of: 94° for 1 min; 30 cycles of 98° for 20 s, 60° for 1 min, 72° for 2 min; with a final extension at 72° for 10 min. Products were separated on 1% agarose gel and observed on an ultraviolet 7 reaction and products were electrophoresed on an ABI PRISM 3100 Genetic Analyzer. We assembled the sequences by using SeqManII software (DNAstar).
Phylogenetic Analyses
cDNA sequences of SLR, GHR, and PRL receptor (PRLR) were obtained from the GenBank of NCBI (http://www.ncbi.nlm.nih.gov/). Exon-intron boundaries of those of human, mouse, and chicken were identified by comparing the cDNA and genomic sequences by BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) (see Results for those of medaka and fugu).
Corresponding exons of other species were predicted from amino acid sequences aligned by using MegAlign software (DNAstar).
Lipids Measurement
After anesthetizing with 0.02% 2-phenoxyethanol, body weight was measured and about 2 µl of blood was collected directly from the caudal vessels using a fine-tipped capillary tube as described previously (YADA and ITO 1998) . Blood plasma was obtained by centrifugation at 3,000 g for 5 min and stored at -80° until analyses. Muscle was taken from the dorsal side after removal of the skin. The muscle and liver were weighed and stored at -80°. The hepatosomatic index was calculated as liver weight × 100/body weight. Gill filaments were cut from ceratobranchials and placed in ice-cold sucrose-EDTA-imidazole solution (150 mM sucrose, 10 mM disodium ethylenediamine tetraacetate, 50 mM imidazole, pH 7.3) and stored at -80°.
Plasma cortisol concentrations were determined using a commercially available kit 
RESULTS
Cloning of a Medaka SLR
Whole genome sequence is a very powerful tool for rapid gene cloning. Although still not complete in medaka, an ongoing sequencing project provides assembled sequences on the Web (http://medaka.utgenome.org/ (revision 200406)). However, it allows only a blastn (nucleotide-nucleotide) search that is not suitable for finding an orthologous relationship between genes of divergent species such as medaka and salmonids. Therefore, we first performed a tblastn (protein-translated nucleotide) search on the JGI Takifugu rubripes (fugu) genome database (http://genome.jgi-psf.org/fugu6/fugu6.home.html (version 3.0)) using an amino acid sequence of the SLR of masu salmon (GenBank accession no. BAD51998) and found an orthologous region on the scaffold 48. Fugu is evolutionally much closer to medaka than the salmon (see MIYA et al. 2003) , and nucleotide sequences of its translated regions enabled us to identify corresponding regions on the scaffold 708 of the medaka genome by the blastn search (~67% identity). Although both the fugu and medaka databases provide statistically predicted exon-intron boundaries (and deduced amino acid sequences), some seem to be incorrect because their positions are not conserved between these species. Therefore, we manually repredicted their exons by a comparative-genomic approach using mVISTA as an alignment tool (http://genome.lbl.gov/vista/index.shtml) and, as a result, we could determine putative exon-intron boundaries that are perfectly conserved between medaka and fugu ( Fig. 2A ).
According to these newly predicted exons of medaka, we constructed pairs of primers that amplify overlapping regions of the translated region, performed RT-PCR using liver cDNA as a template, and directly sequenced the amplified products. We also determined medaka's 5´/3´-UTRs by RACEs (Fig. 2B) . By comparing this cDNA sequence with the corresponding genomic sequence on the scaffold 708 (which had a gap of 484 bp that we filled experimentally), we confirmed that the medaka SLR locus consists of 10 exons, nine of which encode the protein.
Deduced protein of the medaka SLR consists of 632 amino acids, and shares 324 identical residues (~48%) with the salmon SLR (Fig. 4A ). Fugu SLR protein, which should be more accurately predicted than the sequence on the database, shares ~62% of identical amino acids with the medaka SLR (Fig. 4A ). Phylogenetic analysis, however, did not necessarily show a closer relationship of the medaka and fugu SLRs to the salmon SLR than to GHRs of other fish (data not shown; see Fig. 7 ). Because GHR of medaka or fugu has not been cloned and the alternative (i.e., the genes we cloned/predicted are not SLRs but GHRs) seemed possible, we further attempted to isolate a medaka ortholog for salmon GHR as well.
Cloning of a Medaka GHR
Starting from an amino acid sequence of masu salmon GHR (GenBank accession no. BAB64911), we adopted the same strategy to predict exons of medaka and fugu GHRs, except that an EST clone of medaka (OLc08.02d) was fortunately available from the Mbase database (http://mbase.bioweb.ne.jp/~dclust/medaka_top.html). We found orthologous regions on scaffold 5624 and 7825 of medaka (i.e., they have not been assembled into one scaffold, and we experimentally determined the interscaffold sequence of 178 bp) and scaffold 2039 of fugu (Fig. 3A) . We determined complete nucleotide sequence of the OLc08.02d by primer walking (Fig. 3B ) and revealed that the medaka GHR protein is encoded by eight exons, instead of the nine of the medaka SLR. Deduced protein consists of 523 amino acids and share 275 identical residues (~46%) with the salmon GHR (Fig. 4A ).
The predicted fugu GHR is also encoded by eight exons and shares ~59% of nucleotide and ~49% of amino acid identities with the medaka GHR (Fig. 4A ).
There are no other scaffolds than scaffolds 48 and 2039 in the fugu genome that encode a protein more similar to the salmon SLR or GHR. Phylogenetic analysis using the SLRs and GHRs of medaka, fugu, and masu salmon clearly supported their orthologous relationships (Fig. 4B ). Although exon-intron boundaries in masu salmon have not been identified, existence of an extra intron in the SLRs but not GHRs of medaka (and fugu) also supports the idea that the latter are orthologs of tetrapod GHRs (which do not have the extra intron).
Expression of the Medaka SLR and GHR Genes
The above results strongly suggest that a medaka ortholog of the salmon SLR was successfully cloned. We then analyzed its expression by RT-PCR. As shown in Fig. 5 , expression of its ligand, SL, was detectable from day 1 after fertilization (1 dpf) until hatching (5 dpf). Similarly, a weak expression was detected in larvae of day 3 and 5 after hatching (dph). In adults, the strongest expression was detected in the brain (containing the pituitary), consistent with our former results (FUKAMACHI et al. 2004) . SLR expression was also detectable at 1 dpf to 5 dph. In adults, this was detected from all organs examined, with the strongest expression in the liver. The muscle and gonad (ovary) showed relatively strong expression similar to the result in coho salmon, O. kisutch (FUKADA et al. 2005) .
Unexpectedly, the expression in the skin was as weak as that in the eye or brain.
We also analyzed expression of the medaka GHR and obtained similar results to that of the SLR, except that the GHR expression was detectable from 0 dpf (i.e., maternal storage) and seems enhanced after hatching (Fig. 5) . Thus, both the medaka SLR and GHR are expressed from very early stages of embryonic development and in variable organs in adults.
Accumulation of Lipids in the ci Mutants
Given the broad expression of the medaka SLR in adult, anomalies of the SL-deficient mutant, the ci, would not necessarily be restricted to chromatophores in the skin, but would appear in other tissues/organs, most likely in the liver. From this standpoint, the phenotypes of the cobalt rainbow trout are implicative, and we investigated whether or not the ci shares common defects with the cobalt other than in pigmentation.
We compared 10 wild-type and 10 ci medaka that had been kept under identical breeding conditions for more than three months. Body weight of the ci (0.334 ± 0.032 g) was slightly but significantly (P < 0.05) lower than that of the wild type (0.458 ± 0.024 g).
However, liver weight of the ci (0.009 ± 0.003 g) was 50% heavier than that of the wild type (0.006 ± 0.001 g), resulting in a significantly (P < 0.01) higher hepatosomatic index (Fig. 6A) .
Plasma cortisol concentrations of the ci medaka were about half the levels observed in the wild type (Fig. 6A ). There was no significant difference in the gill Na + , K + -ATPase activities between the ci and wild types (0.83 ± 0.14 and 1.01 ± 0.04 µmol ADP/mg protein h, respectively).
The ci medaka showed significantly higher accumulations of triglycerides in the liver and muscle than those in the wild type (Fig. 6B ). Cholesterol contents in the liver of the ci were also higher than the wild type, although there was no obvious difference in the muscle contents between the two groups. All of these defects in the ci are consistent with those of the cobalt (YADA et al. 2002; and T.Y. et al. unpublished data) , and indicate that the anomalies in the cobalt are also caused by lack of SL itself, rather than other hormones secreted from the pituitary (see Discussion). Taken together, our results demonstrated that SLs have at least two functions conserved widely in teleosts: suppressing fat accumulation to organs and regulating chromatophore development in the skin.
DISCUSSION Phylogenetic Paradox among Fish SLRs and GHRs
Although we suggest strongly that the two medaka genes we isolated are true orthologs of the salmon SLR and GHR (Fig. 4B) , even more careful gene definition might be necessary as discussed below.
The first definition of fish GHR was almost solely based on sequence similarity to the tetrapod GHRs, although interaction with human GH was shown, (LEE et al. 2001; CALDUCH-GINER et al. 2001) . According to these sequences, GHRs of other fish were isolated NAKAO et al. 2004 ; and other unpublished sequences on the database). A few studies showed binding of the GHR to native GH (TSE et al. 2003; KAJIMURA et al. 2004 ), but they did not examine interaction between the GHR and SL. Importantly, the recent studies by FUKADA et al. (2004; 2005) demonstrated that:
1) salmonid GHR binds to GH but not to SL nor PRL, 2) salmonid SLR binds more to SL than GH or PRL, and 3) the SLR can significantly (cross) react with GH but not with PRL.
According to these authors' results, the salmonid GHR and SLR seem to have been correctly termed, and we believe that the GHRs and SLRs of medaka and fugu, which were carefully designated by surveying whole genome sequences, are their true orthologs (Fig. 4B) .
However, GHRs of other non-salmonid species and those of medaka, fugu, and salmonids seem not to be orthologous to each other.
As shown in Fig. 7A (and other data not shown), the FGXFS motif (which is altered to YGXFS in placentals (see GOFFIN and KELLY 1997) ) and four proline residues in box 1 (DINERSTEIN et al. 1995) are perfectly conserved among all the fish receptors. Box 2, which is less conserved even in mammals, also seems conserved. Interestingly, the fifth and sixth bisulfide-linked cysteines in the extracellular domain are not conserved in the GHRs of medaka, fugu, and four species of salmonids (Fig. 4A ), as they are among the six GHRs of tetrapods (18 species). In contrast, the SLRs and GHRs of other non-salmonids (13 species) retain all six cysteines (with the exception of the first one in fugu, which must be experimentally confirmed). Furthermore, eight tyrosine residues in the cytoplasmic domain, at least some of which are important for GH-induced cellular responses (LOBIE et al. 1995; HANSEN et al. 1997 ) and highly conserved among tetrapods (93% = 133 tyrosines / (8 sites × 18 species)), are more conserved in the SLRs (22/24) than in the GHRs (43/72) of medaka, fugu, and salmonids. Again, these tyrosines tend to be more conserved in the non-salmonid GHRs (108/112) as SLRs.
Thus, the SLRs of medaka, fugu, and salmonids (and GHRs of other non-salmonids) are more similar in structure to the tetrapod GHRs than their own GHRs are. This may be the cause of their significant (cross) interaction with the mammalian or fish GH (LEE et al. 2001; TSE et al. 2003; KAJIMURA et al. 2004; FUKADA et al. 2005) . Therefore, even though the non-salmonid GHRs had been shown to interact with GH, it remains unclear whether they are GHRs or SLRs (i.e. they may interact more with SL as the salmon SLR).
Indeed, phylogenetic analyses apparently classified the GHRs of sea breams, turbot, flounder, and tilapia as SLR (Fig. 7A ). An extra intron inserted at the last exon of the sea bream and flounder GHRs (TSE et al. 2003; NAKAO et al. 2004) , similar to the medaka and fugu SLRs (Fig. 4A) , also supports this conclusion, although we noted that its position reported in flounder is not identical to those of medaka, fugu, and sea bream (Fig. 7B) . GHRs of goldfish, carps, catra, rohu, hawk fish, and catfish are less apparent, but more likely to be SLR rather than GHR (Fig. 7A) . One (or even both) of eel GHRs seems to be SLR, too (both retain the six cysteines). Therefore, the medaka (and fugu) GHR may be the first successful isolation of non-salmonid GHR, and these sequences might be further helpful to clone "true"
GHR orthologs of other non-salmonid species.
The Possibility of Functional Switching of Fish SLRs and GHRs during Evolution
Needless to say, however, the above consideration is based on phylogenetic analyses, and we cannot exclude the possibility that these non-salmonid GHRs (and even the SLRs of medaka and fugu) may be the "functional" equivalent of GHR; i.e., functional switching of the family genes during evolution. From this standpoint, the structural dissimilarity between tetrapod and fish GHRs (see above) is interesting. Because SL seems to be missing from mammalian and avian genomes (S.F. unpublished observation), but not from lungfish (AMEMIYA et al. 1999) , ancestral existence and consequent loss of SL in the higher vertebrates seems likely.
Disruption of SL-SLR relationships might have triggered functional reorganization of, or compensation by, their closely related genes, such as GH and GHR. It probably occurred in the higher vertebrates instead, but such functional alteration(s) might have taken place in some fish lineage after the genome duplication. While salmonids and sea bream retain the duplicated GHRs and SLs, respectively (see Fig. 7A ; CAVARI et al. 2000) , only one copy of them is found in the medaka or fugu genome (although it is still incomplete in medaka). In addition, a novel SL gene has been reported from some fish species (CHENG et al. 1997; YANG and CHEN 2003; ZHU et al. 2004) , while it seems to be missing from medaka or fugu. These inconsistent gene sets among some fish might reflect the putative lineagespecific functional diversification of SL, SLR, GH, and GHR (and a putative receptor for the novel SL). Further extensive phylogenetic and functional evaluations using variable species are necessary to resolve these complicated but intriguing questions.
Common Defects in the ci and the Cobalt caused by Lack of SL
Although we encountered the above difficulties to confirm that the gene we cloned in Fig. 2B is a true ortholog of the salmon SLR, the initial purpose of this study was, of course, to investigate the phenotypes of the medaka SL-deficient mutant, the ci, in order to assess SL's function other than in pigmentation. We detected the strongest expression of the medaka SLR (and GHR) and excessive accumulation of lipids in the liver (Fig. 5 and 6B ). In the cobalt rainbow trout, triglycerides and cholesterol content in the liver and muscle are several times higher than those in normal fish (YADA et al. 2002) , whereas those in the ci medaka are just twice as high only in the liver (Fig. 6) . This qualitative and quantitative difference might reflect difference in species, different defects in SL expression (i.e., lack of SLproducing cells in the cobalt and a mutation in the SL gene in the ci), or, most likely, lack of other hormones in the cobalt (as discussed in YADA et al. 2002) . In coho salmon, SLR mRNA is similarly expressed with the highest levels in the liver and visceral fat among all tissues examined (FUKADA et al. 2005) . Regardless of whether SLR or GHR is actually mediating SL signaling, these results strongly suggest that the liver and fat tissues are one of the target organs/tissues of SL and that SLs of both medaka and rainbow trout function to suppress accumulation of lipids in organs. Considering that even the putative SL-null mutant (the ci) can normally grow and reproduce, commercially valuable fish (e.g., fish with high/low-fat meat or beautiful body color) may be able to be produced by controlling SL expression.
The other defect in the ci was a reduced circulating level of cortisol. A lower level of plasma cortisol than that of normal fish is also observed in the cobalt (YADA et al. 2002 ).
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